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Halococcus salifodinae sp. nov., an Archacal Isolate
from an Austrian Salt Minc
EWALD B. M. DENNER.' TERRY I. MCGENITY,? HANS-JURGEN BUSSE," WILLIAM D. GRANT®
GERHARD WANNER," ano HELGA STAN-LOTTER'*

Instite of Microbiology and Genetics, University of Vienna, A-1030 Vienna. Austria'; Department of
Microbwology, University of Leicester, Leicester, England LET 9UIN-, and Botanisches Institut
der Universitit Miinchen, D-80638 Munich, Germany®

A novel extremely halophilic archaeon (archaebacterium) was isolated from rock salt obtained from an
Austrian salt mine. The deposition of the salt is thought to have occurred during the Permian period (225 X
10% to 280 x 10° years ago). This organism grew over a pH range of 6.8 to 9.5. Electron microscopy revealed
cocci in tetrads or larger clusters. The partial 16S rRNA sequences, polar lipid composition, and menaquinone
content suggested that this organism was related to members of the genus Halococcus, while the whole-cell
protein patterns, the presence of several unknown lipids, and the presence of pink pigmentation indicated that
it was different from previously described coccoid halophiles. We propose that this isolate should be recognized
as a new species and should be named Halococcus salifodinae. The type strain is Blp (= ATCC 51437 = DSM
8989). A chemotaxonomically similar microorganism was isolated from a British salt mine.

Viable halophilic microorganisms have been isolated re-
cently from various ancient salt deposits in England which
originated in the Triassic period (195 X 10° to 225 x 10° years
ago) or the Permian period (225 x 10° to 280 x 10” years ago)
(18). We have also been able to cultivate halophilic bacteria
from rock salt which was obtained from the Austrian salt mine
near Bad Ischi; this salt is believed to have been deposited
during the Permian period (30). A preliminary biochemical
description of some of the nolates obtained from the British
salt deposits as well as the Austrian salt mines has been
published previously (24). In this paper we present a detailed
characterization of one of the Austrian halophilic coccoid
isolates (strain Blp' [T = tvpe strain}) which could grow over
a wide pH range. and we propose a new species, Halococcus
salifodinae.

MATERIALS AND METHODS

Culture conditions and bacterial strains. The methods used
to isolate bacteria from dry rock salt have been described
previously (24). The pH of the growth medium (M2 medium
[27]) was 7.4, unless indicated otherwise. When a pH of >8.5
was desired, the medium of Tiadalt et al. (26) was used,
and the pH was adjusted accordingly. Growth in liquid cul-
tures was monitored spectrophotometrically at 600 nm with
a Novaspee [l instrument (Pharmacia) or at 660 nm (red filter
of a Klett-Summerson colorimeter). Utilization of carbohy-
drates was tested in minimal medium M2A| which contained
50 mM Tris-HCL 4 M NaCL 0,17 ¢ yeast extract, | mM NH,Cl,
27 mM KCl 100 mM MgCl.. 1.4 mM CaCl,, 0.1% trace
clements solution SL-6 (12). 17¢ carbohvdrate, and 0.002%
phenol red as a pH indicator. Growth on carbon sources
was determined by monitoring turbidity and was compared
with growth of a culture in minimal medium that contained
no added carbohydrates. The range of salt concentrations
which permitted growth was determined by spreading 100-pl

* Corresponding author. Maifmy address: Institut fiir Genetik und
Allgemeine Biotogie. Universitar Salzburg. Hellbrunnerstr. 34, A-5020
Salzburg, Austrin Faxv 13662 80445795

portions of a growing culture on agar plates containing M2
medium supplemented with final NaCl concentrations of 0.
0.5, 1.0, 2.5, 5, 7.5 10, 125, 15, 17.5, 20, 22.5, 25, and 307¢.
Cultures of strain Blp" on agar plates were incubated for 10 to
20 days.

The following archaeal strains were obtained from the
Deutsche Sammiung von Mikroorganismen und Zellkulturen:
Halobacterium  salinarim DSM 668, Halococcus morrhuae
DSM 1307" and DSM 1309, Halococcus saccharolvticus DSM
33507, Navronococcus occulius DSM 33961 Nuronobacierium
magadii DSM 33947 Natronobacterium gregoni DSM 33937
and Natronobacternon pharaonis DSM 3395, The strains used
to determine the data in Table 1 and for Fig. 5 were obtamed
from the National Collection of Industrial and Marine Bacte-
ria, Ltd.. Aberdeen, Scotland, or from sources described in
reference 13, Halobacterium saccharovorum M6 ATCC
29252), Halobacterium halobium R1, Haloferax denitrificans
ATCC 35900, and Haloarcula vallismortis were obtiined from
L. I. Hochstein, NASA Ames Rescarch Center; Haloarcula
californiac ATCC 33799 and Haloarcula hispanica were gifts
from R. H. Vrecland, West Chester University: and Haloarcula
Japonica TR-1 was a gift from K. Horikoshi. The Riken
Institute.

Biochemical tests. Catalase activity was determined by plac-
ing 1 drop of a 3% (volivoly H,O, sotution on a lawn of
bacteria; the formation of gas bubbles indicated a positive
reaction. Oxidase activity was detected by spotting o loopful of
a bacterial culture on a paper strip contaiming NN -dimethyl-
L 4-phenylenediammonium: chloride and a-naphthol; a bluc
color revealed the presence of the enzyme. Nitrate reduction
was determined as described previously (22). Gelatn liquetac-
ton was assayed in tubes containing M2 broth supplemented
with 12% gcelatin as described by Tomlinson and Haochstein
(27) following incubation at 37°C for 4 weeks.

Analysis of lipids and menaquinones. The preparation of
polar tipid extracts and analysis by two-dimensional thin-laver
chromatography have been described by Ross et al. (21).
Mcnaquinones were extracted with acetone from vophilized
cells and were puritied by thin-luyer chromatography (16)
Menaguinones were separated on a reverse-phiase column
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FIG 1. High-resolution field emussion scanning electron mictograph of BIp" grown in liquid culture (M2 medium, pH 7.4) 1o the end of the

cxpanential phase. The accelerating voltage was 3 kV.

(C,x) by high-performance liquid chromatography (HPLC)
(Waters Instruments), and separation was monitored with a
UV detector at 269 am. A mixture of methanol and 2-chloro-
butane (9:1) was used as the eluent: the flow rate was | ml/min.
Quinones were identified by comparison with the quinoncs
extracted from Halobacterium saccharovonum Me.

DNA base composition. Cells were harvested in the carly
stationary phase of growth. and G +C contents were deter-
mincd by the Identification Service of the Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braunschweig, Ger-
nuany. DNA was isolated by the procedure of Visuvanathan et
al. (28) and was analyzed by HPLC. Nonmethylated lambda
virus DNA was used for calibration (15).

Sequencing of 165 rRNA and analysis. DNA extraction,
amplification of the 165 rRNA gene by the PCR, and sequence
analyses were performed as described by McGenity and Grant
(13), except that only one of the primers (517 R) was used. A

total of 212 bases were sequenced from the 16S rRNA gene of

Blp" and a similar isolate obtained from a British salt mine
(strain Br3) (18).

Electron microscopy. Cells were washed three times with a
buffer containing 2 mM MgSO, and 75 mM sodium cacodylate
(pH 7.2) and then were fixed with 2% glutaraldehyde in the
same buffer tor 1 h at room temperature and washed again.
The cells were prepared for scanning or transmission electron
microscopy as deseribed by Witte etal. (29). Scanning electron

microscopy and transmission electron microscopy were per-
formed with a Hitachi model S-4100 tield emission scanning
electron microscope and a Siemens Elmiscop 101 transmission
clectron microscope, respectively.

Other methods. Unstained cells were observed with a Leitz
Diaplan microscope by using phase-contrast techniques. Gram
statning of cells was carried out as described by Dussault
(2). Assays to determine antibiotic susceptibility, lysis of halo-
bacterial cells in water, and sodium dodecy! sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) or isoelectric focusing
of whole-cell proteins were performed as described previously
(23, 24). In addition to the antibiotic aphidicolin used previ-
ously. 40 pg of cach of the following antibiotics per disc was
used in this study: ampicillin, anisomycin, bacitracin, chloram-
phenicol, nalidixic acid, novobiocin, streptomyein, and tetracy-
cline. Lysis by bile acids was assayed by monitoring the
turbidity of cells suspended in a solution which consisted of 177
Bacto-Peptone (catalog no. 0118-01; Difco) in 20% NaCl, as
described by Kamekura et al. (8). In addition, celis suspended
in this solution were observed by phasc-contrast MICTOSCOPY
tor a total of 24 h.

Nucleotide sequence accession numbers. The full 165 rRNA
sequence of Natronococcus occundtus as determined by Mc-
Genty and Grant (13) was deposited in the EMBL Data
Library under accession number 728378 partial 168 rRNA
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FIG. 20 Electron micrograph of an ultrathin section of Blp" grown as described in the legend o Fig |

sequences of strains Br3 and Blp' (this study) were deposit-
ed under accession numbers Z28379 and Z28347. respective-

ly.

RESULTS AND DISCUSSION

Cell and colony morphology. Isolate Blp' cells were cocei
about 0.8 to 1.2 pm in diameter (Fig. | and 2). The cells were
uniformly gram ncgative, whether they were from 3-. 5., or
I4-day-old cultures. Cells grown in liquid medium were non-
motile and occurred in tetrads. in sarcina-like packets or (in
older cultures) in large clusters (Fig. 1). Thin sections revealed
a thick celt envelope (Fig. 2) with an irregular outer layer.
Some of the outermost material appeared to be detachable
(Fig. 1) and may have represented an extracellufar slime which
held the cells together. Colonies on complex medium at pH 7.4
were circular with undulate margins and about 1 to 2 mm in
diameter after 10 days of incubation at 37°C and had pink
pigmentation: older colontes were brownish. Colonies on
medium at pH 9.5 were nonpigmented.

Cultural and biochemical characteristics. Strain Blp' grew
acrobically with doubting times of 24 to 28 h at 37°C in liquid
M2 mediun (pH 7.4y with shaking, Catalase. nitrate reductase,
and oxudase activities were detected. Gelatin was liquetied.
Growth i test tubes containing broth occurred as sediment
Sinular growth was obscrved in media at pH 6.8, 8.5, ar 9.3,
with no apparent pH optimum in this range. No growth
oceurred at pH L0 or below pH 6.0; growmg cells which were

suspended in media at those pH values appeared to lyse slowly.
Optimal growth occurred at NaCl concentrations of 20 to 25%;
no growth was observed at NaCl concentrations below 156 .
Like the cells of other halococci, the cells did not lyse within |
to 2 h when they were suspended in distilled water (5).
However, after incubation for 24 h. a portion of the cells had
fysed, releasing proteins whose compositions were similar to
the compositions shown in Fig. 3. lane 1. No lysis occurred
when cells were suspended in a 207 NaCl solution containing
bile acids, as was observed with other halococei (8). The
temperature range for growth was between 28 and 50°C. and
the optimum temperature was H0°C. A minimal medium
containing 0.19% yeast extraet supported growth when carbo-
hydrates were present. n-Glucose. o-fructose, p-trehalose,
p-raffinose. and glycerol were utilized with slight acidification
of the medium, whereas wiilization of o-galactose, 1-rhamnose,
p-xylose, and p-arabinose produced more intense acidification.
Erythritol was not utilized.

Growth of Blp' wus strongly inhibited by the antibiotics
anisomycin, aphidicolin, bacitracin, and novobiocin, Moderate
susceptibility to chloramphenicol and tetracyeline was ob-
served. No inhibition of growth occurred with ampicillin,
nalidixic acid, or streptomyetn.

Gel electrophoresis of whole-cell proteins. SDS-PAGE ot
whole-cell protein is a rapid method for distinguishing bacte-
rial species, and the level of discrimination of this method is
similar to that of DNA-DNA hybridization (6). Strain Blp' bad
a umique protein profile following SDS-PAGE which did not
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FIG o 30 Whole-cell  proteins  from  various  halophilic  archaeal
stramns and Blp! following separation by SDS-PAGE. Approximately
20 e of protein was applicd per lane following Ivais of cells. Proteins
were staned with Coomassie blue Lanes 1. BIp': lane 2, Halococeus
saccharohrieus DSMO3330" lane 3 Natronocaccus occnliuy DSM
396" Lane 4. Halococcus morhuae DSM O 1309: lane 3. Haloarcula
caltformae. The positions of molecular mass markers are ndicated on
the Tett

resemble the profile of any of the halobacterial type strains
which were analyzed. In particular, none of the protein pat-
terns of the halcphilic coccoidal archacbucterial strains was
similar to the Blp' pattern (Fig. 3). In addition, the whole-cell
protein patterns of Haloarcula californiae (Fig. 3). Haloarcula
japonica. Haloarcula hispanica. Halobacterium sacclarovorum,
Halobacterium  halobium  RY,  Halobacterium  salinarium,
Hualoferax  denitrificans.  Natronobacterim — pharaonis,  Na-
rronobacterium magadii. and Natronobacterium gregonvi were
not similar to the strain Bip' patiern (data not shown). The
protein patterns of Blp' were identical, whether the strain was
grown at pH 7.4 or pH 9.5, A coccoidal halophilic isolate
obtained from a British salt mine, Brd (I8). produced a
whole-cell protein pattern similar to that of strain Blp': there
were only minor differences in the relative intensitics of some
bands (data not shown).

Extremely halophilic bacteria are Known to possess acidic
bulk proteins (19), whose isoclectric points range between pH
3.6 and 5.0(23). Isoclectric focusing gels of whole-cell proteins
of strain Blp!' revealed almost exclusively acidic proteins with
isoclectric points between 3.8 and 4.5, The overall protein
pattern observed in isoclectric focusing gels was different from
the patterns of all of the halophilic archacal type strains
deseribed previously (data not shown).

Polar lipids and menaquinones. Two-dimensional thin-layer
chromatography of lipids revealed C,,Cy, and C,,CL | archae-
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FIG. 4. Separation of menaquinones MK-8 and MK-8(H ) trom
Blp" (upper trace) and Halobacterium saccharovonum M6 (lower trace)
on a € reverse-phase column

bacterial core lipids. Phosphatidylglyeerol and phosphatids |-
glycerol phosphate were present. but no phosphatidylglyveerol
sulfate was detected. Five types of glycolipids were found: one
of these was sulfated diglycosyldiphytanylglycerol, and the
other four were unknown glyeolipids. In the HPLC analysis the
quinone extract of Blp' produced two peaks with the same
retention times as peaks detected in an extract of Halobacre-
rium saccharovorum (Fig. ). Halobacterium saccharovorum
M6 is known to possess two types of menaquinones (23):
MK-8, @ menaquinone with cight isoprenoid units in the side
chain, is the main component, while the dihydromenaquinone
MK-8(H.) has been detected in only minor amounts. Stramn
Blp" also possessed both of these menaguinones, although the
major quinone (777 ) was MK-8(H,). while MK-8 was present
in smaller amounts (23% ). The dominance of menaquinone
MK-8(H.) in strain Blp' indicated that this strain is related to
Halococcus morrhuae, which is also characterized by the pres-
ence of major amounts of MK-8(H,) and minor amounts of
MK-8 (1).

G+C content. The DNA base composition of Blp¥ was 62
I mol% G+ C (three determinations). This value is within the
range found tor {Halococcus morrhuae (61 to 66 mol77) (11)
and similar to the values tound for Halococcus saccharobvticus
(59.5 mol“¢) (16) and Natronococcus occultus (65 mol% ) (4).

Phylogeny. Table 1 shows a matrix of simtlarity valuces tor
Blp' and sclected archacal halophilic reference organisms
based on a sequence analysis of 212 bases of the 165 tRNA
gene. The sequence of isolate Brd in this region was identrcal
to that of Blp'. On the basis of the phylogenctic tree con-
structed from this analysis we concluded that Blp' represents
a distinet lincage within the halophiles and is most similar o
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Natronococeus occultus NCMB 21927 94.76 92.38 92.85 Yl.43 89.95 89.00 89.035
Natronobacterium magadii NCMB 2190! 0.0543 89.62 95.75 94 81 93.36 86.19 92.42
Halobacternium salinartum R 0.0803 017 91.04 88.21 8815 90 95 89.10
Haloferax volcani 0.0751 0.0437 0.0954 9387 92 .89 88,10 Y242
Hualococeus morrhuae ATCC 170827 (LOW10 0.0538 0.1283 0.0640 98.57 87.15 U320
Halococcus morrhuae NCMB 746 0.1079 0.0695 0.1290 0.0747 00144 85.65 9381
Halobacterium saccharovorum NCMB 20811 01190 0.1526 0.0964 0.1296 01410 0.1593 &8 10
01184 0.0799 0.1178 0.0799 0.0490 0.0646 0.1296

Bip" and Br3

“ The values on the fower left are the average numbers of nucleotide substitutions per site (K, values) (7). and the values on the upper right are the pereentages
of similarity. The EMBL Datit Library accession numbers for some of the sequences are given in the text.

Halococcus morrhuae ATCC 17082 (Fig. 5). Interestingly, our
data indicated that the level of relatedness between Blp” and
the alkaliphilic coccus Natronococcus occulis was lower than
the level of relatedness between Blp' and the rod-shaped
organism Natronobacterium magadii ot the pleomorphic organ-
ism Haloferax volcanii (Table 1 and Fig. 3). To date, the

Halococcus morrhuae
NCMB /36

S

Halococcus morrhuae

ATCC 17082
Blp & Br3
Nalrgnobacterum magadn —————————— Haloterax volcanu
NCMB8 2190
Natronococcus occuitus
NCM8 2192
00! Knu

Halobacterium sahnanum (halobium)
stran R 1

Haiobacienum saccharovorum
NCMB 2081

IG5 Unrooted phylogenctic tree of halobacterial species. ob-
tned trom the & values shown an Table 1 by using the least-square

wlgorthm of Fuch and Margohash (3)

following three species of haloneutrophilic cocci and one
species of haloalkaliphilic archacal cocci have been recog-
nized: Halococcus morhuae, Halococcus saccharobvticus (10).
Halococcus turkmenicus (31) and Natronococcus occultus (4).
Strain Blp" could be distinguished from Halococcus mormhuace
and Natronococcus occrdties as described above (Fig. 3 and
Table 1). Blp" differed from flalococcus saccharobvticus in
pigmentation, the abiliy to grow at alkaline pH values, utli-
zation of p-raffinose. v -rhamnose, and b-xylose but not ervth-
ritol, susceptibility to novobiocn, and whole-cell protemn pat-
tern (Fig. 3). A sequence comparison of the same 212 bases of
the 16S ribosomal DNA gene indicated that Halococcus nrk-
menicus is phylogenctically distinet (14).

Conclusions. On the basis ot polar lipid content, antibiotic
susceptibility, and acidic bulk proteins, strain Blp' was identi-
fied as a halophilic archacon (archaebacterium). The morphol-
ogy, slow growth, and menaquinone content of this organtsin
were similar to Halococcus morrhuae  characteristies (11).
However, Blp! difficred from Halococcus morrhuae wil re-
spect to whole-cell protein pattern, lipid composition, partial
16S ribosomal DNA sequence. pigmentation, and pH range for
growth (strain Blp' grew at pH 6.8 1o 9.5). We belicve that
these data justify our proposal of a new species. Helococcus
salifodinae.

Both Blp' and « similar organism (Br3) were isolated from
salt mines which contain paleoazoic deposits (Alpine basin and
Zechstein succession, respectively) (30). When grown n a
laboratory, these and other halophilic mine tsolates (18, 24)
were similar in many respects to typical halobacteriat inhabit-
ants of evaporitic brines (20). In present-day England and
Austria no major saline evaporites are formed. as was the case
during the late Permian and carly Triassic periods. Taking
continental drift into account (30), the two locations were close
to the paleocquator during those times, implying that the
average temperature was higher and the environment was arid.
Disseminative forms such as spores have not been found in am
archaebacterium, although halocysts, which might tunction as
resting stages, are produced by some soil-inhabiting species
(9). However, several extreme hatophiles among the Archaca
appear to survive cmbedding i salt erystals (17) and may be
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capable ot dormancy i this state. Bt the halophihic bacteral
mine olates ate the remnants of populations that onginally
inhabited the paleazoic brines, they might hold great promise
as oreanisms which could enhance our understanding of
cvolution and bacterial phylogeny. However, direct deternnin -
tion of the age ot the salt-embedded microorganisms is not
feasible at the present time because of a lack of suitable dating
methods. Further experimental approaches will be necessary to
establish if a paleozoic origin of the salt mine bacteria can be
considered.

Description of Halococcus salifodinae sp. nov. Halococcus
salifodinae (salifo.di'nae. L. adj. salifodinae, of a salt mine,
referring to the source of the isolate). Cocci are 0.8 to 1.2 pum
in diameter and occur in tetrads, sarcina-like packets, and
irregular clusters. Gram negative; nonmotile; aerobic. Small
colonies (1 10 2 mm in diameter after 1 week of incubation at
37°C) on complex medium at a neutral pH value are pink and
circular. with undulate margins; colonies are nonpigmented at
pH 9.5, The optimum temperature is 40°C; the pH range for
growth is 0.8 to 9.5 The optimal NaCl concentration for
growth is 2010 237 no growth occurs at NaCl concentrations
below 1377, Oxidase and catalase positive. Grows in minimal
medium containing 0.1% yeast extract and p-galactose, -
rhamnose. p-xvlose. p-arabinose, p-glucose, p-fructose, p-tre-
halose. o-raflinose. or glycero! as carbon sources.

Nitrate is reduced to nitrite. Gelatin is liquefied.

Susceptible to anisomycin, aphidicolin, bacitracin, and no-
vobiocin: stightly susceptible to chloramphenicol and tetracy-
cline: not susceptible to ampicillin, nalidixic acid, and strepto-
mycin.

“The G+ C content of the DNA is 62 = 1 mol%.

The main polar lipids are CCsy and CyyCag derivatives of
phosphatidvizheerol and phosphatidvlglycerol - phosphate.
Mcnaguinones MK-S(H,) and MK-8 are present.

Whole coll proteins are acidic with soclectric points pre-
dominantly between 3.6 and 4.3,

Natural habuat: unknown,

The tvpe stram s Blp, which has been deposited in the
Deutsche Sammlung von Mikroorganismen und Zellkulturen
as DSM 8989 and in the American Type Culture Collection as

ATCC 51437
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